We characterized a new cytochrome P450 monooxygenase (P450), CYP724B2, from tomato (Lycopersicon esculentum). CYP724B2 showed 42% and 62% amino acid sequence identity with Arabidopsis DWARF4/ CYP90B1 and rice DWARF11/CYP724B1 respectively. Functional assay of CYP724B2 heterologously expressed in insect cells revealed that CYP724B2 catalyzes C-22 hydroxylation of campesterol, indicating that CYP724-B2 is a C-22 hydroxylase. We also isolated a tomato CYP90B homolog (CYP90B3) and found that CYP90B3 is a C-22 hydroxylase as well. CYP724B2 and CYP90B3 showed substrate specificities similar to each other toward the biosynthetic intermediate compounds from campesterol to campestanol. Campesterol was the best substrate, and (24R)-ergost-4-en-3-one was also metabolized to the C-22 hydroxylated product to some extent. On the other hand, the P450s catalyzed C-22 hydroxylation of (24R)-5-ergostan-3-one and campestanol at a trace level, indicating that the compounds after C-5 reduction are poor substrates of CYP724B2 and CYP90B3. In addition, cholesterol (C 27 sterol) and sitosterol (C 29 sterol) were also converted to C-22 hydroxylated products by the P450s. Furthermore, CYP724B2 and CYP90B3 genes were ubiquitously expressed, and their transcript levels were down-regulated by the exogenous application of brassinolide. These findings strongly suggest that CYP724B2 and CYP90B3 function in the early C-22 hydroxylation steps of brassinosteroid biosynthetic pathway in tomato.
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Key words: cytochrome P450; brassinosteroid; CYP724B; CYP90B; C-22 hydroxylation Brassinosteroids (BRs) are steroidal hormones that are essential for normal plant development, including cell elongation, germination, xylogenesis, photomorphogenesis, pollen fertility, and leaf bending. 1) At present, more than 50 naturally occurring BRs have been identified in a wide range of plant species. 1, 2) The most abundant and widely occurring BRs in plants are C 28 steroids, among which brassinolide (BL) is the biologically most active compound. The structural variability of BRs derives from the presence of several oxygen moieties at positions C-2, C-3, and C-6 in the A/B-rings and at positions C-22 and C-23 in the side chain. These oxidative substitutions, except for one at the C-3 position, are introduced into steroids by cytochrome P450 monooxygenases (P450s). 1) Several BR biosynthesis mutants of Arabidopsis, such as constitutive photomorphogenesis and dwarfism (cpd), dwarf 4 (dwf4), and rotundifolia3 (rot3) are deficient in the P450s CYP90A1, CYP90B1, and CYP90C1 respectively. [3] [4] [5] In tomato, the dwarf (d) mutation causes lesions in the Dwarf gene encoding CYP85A, 6) and it has been suggested that the dumpy (dpy) mutation affects an ortholog of Arabidopsis CPD/CYP90A1.
7)
The rice mutants BR-deficient dwarf 1 and brassinosteroid-dependent 1 (both designated brd1) are defective in rice CYP85A, 8) whereas ebisu dwarf (d2) carries a mutation in the P450 gene encoding CYP90D2. 9) Among the BR-biosynthetic P450s, only the CYP85A family of tomato, rice, and Arabidopsis has been characterized by functional expression in yeast cells, indicating that these P450s catalyze C-6 oxidation converting 6-deoxoCS (6-deoxocastasterone) to CS (castasterone), 8, [10] [11] [12] [13] and also CS to BL. 12,13) More recently we have characterized Arabidopsis CYP90B1 functionally expressed in E. coli. We found that the reaction catalyzed by CYP90B1 is C-22 hydroxylation of campesterol (CR) to 22-hydroxycampesterol (22-OH-CR) in the early C-22 hydroxylation pathway. 14) All the isolated P450 genes in BR biosynthesis are y To whom correspondence should be addressed. Fax: +81-774-38-3229; E-mail: mizutani@scl.kyoto-u.ac.jp Abbreviations: BL, brassinolide; brd1, BR-deficient dwarf 1; brd1, brassinosteroid-dependent 1; BR, brassinosteroid; CHN, cholestanol; CHR, cholesterol; CN, campestanol; cpd, constitutive photomorphogenesis and dwarfism; CR, campesterol; CS, castasterone; d, dwarf; dpy, dumpy; dwf4, dwarf 4; d11, dwarf11; d2, ebisu dwarf; 4-en-3-one, (24R)-ergost-4-en-3-one; 3-one, (24R)-5-ergostan-3-one; MSTFA, N-methyl-N-trimethylsilyltrifluoroacetamide; P450, cytochrome P450 monooxygenases; rot3, rotundifolia3; SIT, sitosterol; 22-OH-CHN, (22S)-22-hydroxycholestanol; 22-OH-CHR, (22S)-22-hydroxycholesterol; 22-OH-CR, (22S)-22-hydroxycampesterol; 22-OH-SIT, (22S)-22-hydroxysitosterol; 22-OH-4-en-3-one, (22S,24R)-22-hydroxyergost-4-en-3-one; 22-OH-3-one, (22S,24R)-22-hydroxy-5-ergostan-3-one; 6-oxoCN, 6-oxocampestanol; 6-deoxoCS, 6-deoxocastasterone; 6-deoxoTE, 6-deoxoteasterone; 6-deoxoTY, 6-deoxotyphasterol; 6-deoxo3DT, 3-dehydro-6-deoxoteasterone evolutionarily related, and are clustered within a small clade of the CYP85 clan in the phylogenetic tree of non-A-type plant P450s (Fig. 1) .
15) The CYP85 clan contains several P450s involved in BR biosynthesis as well as the biosynthesis of various diterpenoids, including gibberellin, taxol, and abietic acid. 15) Hence, we assumed that P450s in the CYP85 clan are involved in terpenoid metabolism, and we have been focusing on biochemical characterization of P450s in the CYP85 clan. Recently, we succeeded in the functional characterization of CYP707As in this clan, finding that CYP707As catalyze the catabolic conversion of abscisic acid, a sesquiterpene plant hormone, to 8 0 -hydroxyabscisic acid. 16) In this study, we investigated the biochemical properties of a new P450 family, CYP724B, from tomato. Because the CYP724B family is clustered within a clade of BR biosynthesis P450s (Fig. 1) , this family appears to be related to BR metabolism. Recently, the rice mutant dwarf11 (d11), which is a dwarf with reduced seed length, has been shown to carry a mutation in the P450 A multiple alignment of members of the CYP85 clan from various plants was constructed with ClustalW 1.81. (Abbreviations are as follows: At, Arabidopsis; Cm, Cucurbita maxima (pumpkin); Le, tomato; Os, rice; Pt, Pinus taeda (loblolly pine); Tc, Taxus cuspidata (Japanese yew) and Zm, Z. mays (maize). Arabidopsis CYP721A1 was included in the alignment as an outgroup. Based on the alignment, a molecular phylogenetic tree was constructed by the neighbor-joining (NJ) method. The statistical significance of the NJ tree topology was evaluated by bootstrap analysis with 1,000 iterative tree constructions. The tree was drawn with Tree View. gene encoding CYP724B1. 17) Rice D11/CYP724B1 is involved in BR biosynthesis based on genetic analysis, but its catalytic function had not been determined. During the preparation of this manuscript, Sakamoto et al. (2006) reported the functional characterization of D11/CYP724B1 and the rice CYP90B homolog (OsDWARF4/CYP90B2). 18) They isolated a rice osdwarf4-1 mutant, which was a semi-dwarf as compared to d2 9) and brd1. 8) The double mutant of osdwarf4 and d11 caused severe dwarfism, and endogenous BR levels were greatly reduced in the double mutant. Biochemical characterization revealed that CYP724B1 and CYP90B2 encoded by D11 and OsDWARF4 are a C-22 hydroxylase, indicating their redundant function in C-22 hydroxylation of BR biosynthesis in rice. 18) In this study, we isolated CYP724B2 and CYP90B3 cDNAs from Lycopersicon esculentum. Functional expression in a baculovirus/insect cell system indicated that CYP724B2 and CYP90B3 are sterol C-22 hydroxylases. We also determined their substrate specificities toward the biosynthetic intermediates from CR to campestanol (CN). Based on the biochemical analysis, together with their gene expression analysis, it is likely that the two different P450 gene families, CYP90B and CYP724B, function in the early C-22 hydroxylation steps of BR biosynthesis in tomato. In addition, we will discuss the phylogenetic relationship of P450s involved in BR biosynthesis. Isolation of CYP724B2 and CYP90B3 from tomato. The search for BR biosynthetic genes in tomato was performed using the nucleotide sequences of Arabidopsis BR biosynthetic genes, DWARF4 (CYP85A1), CPD (CYP90A1), DWF4 (CYP90B1), ROT3 (CYP90C1), and CYP90D1, as a query in the tomato EST database of the Institute for Genomic Research (TIGR, http://www. tigr.org/tdb/at/at.html). The scanning identified several clones that were homologous to the Arabidopsis BR biosynthetic genes in tomato. Two clones, cLEM18G22 (accession no. BF050501) and cLEY12O7 (accession no. BE450142), among tomato ESTs showed significant similarities to the N-terminus of Arabidopsis CYP90B1 and CYP724A1 respectively, suggesting that these clones contain the cDNAs encoding the entire coding regions. These EST clones were obtained from Clemson University Genomics Institute, and their cDNA inserts were completely sequenced. Sequencing reactions were carried out using a BigDye terminator cycle sequencing kit (PE Applied Biosystems, Madison, WI), and a DNA sequencer Model 377 (PE Applied Biosystems) was used for DNA sequencing. Nucleotide sequences were analyzed using the DNASIS software system (Hitachi, Tokyo). The phylogenetic tree was constructed using a ClustalW program in the KEGG homepage (http:// align.genome.jp/).
Materials and Methods
Heterologous expression in insect cells. The entire coding regions of the CYP724B2 and CYP90B3 cDNA were excised with restriction enzymes, BamHI and XhoI, and were purified by 1% (w/v) agarose gel electrophoresis. The cDNAs were then ligated into similarly restricted pFastBac1 vectors (Life Technologies, Grand Island, NY). The pFastBac1-CYP724B2 and pFastBac1-CYP90B3 constructs were then used to prepare the corresponding recombinant Bacmid DNAs by transformation of Escherichia coli strain DH10Bac (Life Technologies). Preparation of recombinant baculovirus DNA containing each cDNA and transfection of Sf9 (Spodoptera furugiperda 9) cells were carried out according to the manufacturer's instructions (Invitrogen, Carlsbad, CA). To express the recombinant P450 proteins, Sf9 cells were propagated as suspension cultures in Grace medium containing 200 mM 5-aminolevulinic acid, 200 mM ferrous citrate, and 0.1% (v/v) Pluronic F-68 (Life Technologies), and incubated in a rotary shaker at 27 C at 150 rpm. Each microsomal fraction of CYP724B2 or CYP90B3 was obtained from infected cells (300 ml of suspension-cultured cells). The infected cells were washed with PBS buffer and suspended in buffer A, consisting of 50 mM potassium phosphate (pH 7.25), 20% (v/v) glycerol, 1 mM EDTA, and 1 mM DTT. The cells were sonicated, and cell debris was removed by centrifugation at 10,000 g for 15 min. The supernatant was further centrifuged at 100,000 g for 1 h, and the pellet was homogenized with buffer A to provide microsomal fractions. The microsomal fractions were stored at À80 C before the enzyme assay. Expressed CYP724B2 and CYP90B3 proteins were subjected to 10% (w/v) SDS-PAGE, and were detected with Coomassie Brilliant Blue R-250 (Nacalai Tesque, Kyoto, Japan).
Measurements of CYP724B2 and CYP90B3 activities. The activities of CYP724B2 and CYP90B3 were reconstituted by mixing the microsomes with NADPHcytochrome P450 reductase prepared in a baculovirusinsect cell system. 19) The standard assay was performed in reaction mixtures (1 ml) consisting of 100 mM potassium phosphate (pH 7.25), 25 pmol/ml of CYP724B2 or CYP90B3, 0.1 U NADPH-cytochrome P450 reductase, and 20 mM substrate. The reaction was initiated by the addition of 2 mM NADPH, and incubated for 30 min at 30 C. The reaction products were extracted three times with a half volume of ethyl acetate. The organic phase was collected and evaporated. The residue was treated with 10 ml of N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) at 80 C for 30 min. The derivatized products were analyzed by gas chromatographmass spectrometry (GC-MS). GC-MS analysis was performed on an Autosystem XL gas chromatograph (PerkinElmer, Boston, MA) directly coupled to a Turbomass mass spectrometer (PerkinElmer). A DB-5 column (15 m Â 0:25 mm i.d., 0.25-mm film thickness; J & W Scientific) was used. The carrier gas was He at a flow rate of 0.5 ml/min, the injection port temperature was 280 C, and samples were introduced splitless. The oven temperature program was as follows: 180 C for 1 min, rising to 280 C at a rate of 20 C/min, then rising to 300
C at a rate of 2 C/min, held at this temperature for 4 or 9 min. The ion source was run in EI mode (70 eV) at 280 C.
Spectrophotometric analysis. All spectrophotometric determinations were carried out at room temperature in a UV-3101 spectrophotometer (Shimadzu, Kyoto, Japan). P450 was estimated from the CO-difference spectrum using an extinction coefficient (AE ¼ 91 mM À1 cm À1 ). 20) NADPH-P450 reductase was assayed by measuring its NADPH-cytochrome c reductase activity, and the rate of cytochrome c reduction was calculated from the A 550 change using an extinction coefficient (AE ¼ 21 mM
21) The protein content was measured by the Bradford method with the Coomassie protein assay reagent (Pierce, Rockford, IL).
Plant materials. Tomato (Lycopersicon esculentum cv. Momotarou) was used as the wild-type plant. To isolate total RNA, tomato seedlings were grown for 2 weeks under sterile conditions on 0.8% (w/v) agar plates containing GM medium supplemented with 1 Â MS salt and 1% (w/v) sucrose. For phytohormone treatment, the 2-week-old seedlings were transferred to GM liquid medium supplemented with 100 nM BL and incubated in a rotary shaker at 110 rpm for 12 h.
Expression analysis by RT-PCR. All tissues were frozen in liquid nitrogen and stored at À80 C. Total RNA from tomato plants was isolated with a MagExtractor-RNA kit (Toyobo, Osaka). First-strand cDNA was synthesized using 1.0 mg of total RNA, ReverTra Ace (Toyobo), and oligo (dT) primer, according to the manufacturer's instructions. PCR amplification was performed using the following gene-specific primers: 724B2-F 5 0 -AGGAATGCTAGGCTAAGG-3 0 and 724B2-R 5 0 -GATATTGATATGGTAGGGC-3 0 (to amplify CYP724B2); 90B3-F 5 0 -GGCTGATCCTGATCT-TATTAGAGA-3 0 and 90B3-R 5 0 -GATCGCTAGAAT-CGGAATCAACAC-3 0 (to amplify CYP90B3); act2-F 5 0 -CGTCACACTGGTGTGATGGTT-3 0 and act2-R 5 0 -ACCAGGGAACATTGTGGTACC-3 0 (to amplify action as a control). The PCR program was composed of initial denaturation at 94 C for 2 min, and PCR amplification was performed under the following conditions: amplification by 32 cycles of 94 C for 30 s, 54 C for 2 s, and 74 C for 45 sec using GeneAmp PCR system 9700 (Applied Biosystems). The PCR products were analyzed with a 1% (w/v) agarose gel containing 20 ng/ml of ethydium bromide. Accumulation of CYP90B3 and CYP724B2 transcripts in brassinolidetreated seedlings and brassinosteroid-related mutants was analyzed by semiquantitative RT-PCR. Accumulations of CYP90B3 and CYP724B2 transcripts were calculated using a luminescent image analyzer, Dolphin-View (Wealtec, Sparks, NV).
Results

CYP724B2 and CYP90B3 cDNAs from Lycopersicon esculentum
In order to characterize the catalytic functions of P450s in the CYP85 clan, we attempted to collect the full-length cDNAs of CYP85 clan P450s from various plant species. A tblastn search of the tomato EST database at The TIGR Gene Indices (http://tigrblast. tigr.org/tgi/) identified several clones carrying putative full-length inserts for CYP85 clan P450s. Among them, two EST clones, cLEM18G22 and cLEY12O7 (GenBank: BF050501 and BE450142), showed considerable similarity to Arabidopsis CYP90B1 and CYP724A1 respectively. The nucleotide sequences of the cDNAs were completely sequenced. The cLEM18G22 and cLEY12O7 cDNA inserts consisted of 1,443-bp and 1,476-bp open reading frames and encoded polypeptides of 480 and 491 amino acid residues, respectively (Fig. 2) . The deduced amino acid sequence of the cLEM18G22 cDNA was 71% identical to Arabidopsis CYP90B1, which functions in C-22 hydroxylation of BRs, and hence was designated CYP90B3. The deduced amino acid sequence of cLEY12O7 cDNA showed 50% and 62% identity with Arabidopsis CYP724A1 and rice CYP724B1 respectively, of which the catalytic functions are unknown, and thus designated as CYP724B2. CYP724B2 shares more than 40% identity with CYP90Bs from various plant species, and phylogenetic comparison indicates that the CYP724 family is located within the cluster of the CYP90 family and is most closely related to the CYP90B subfamily (Fig. 1) . 4, 14) These observations suggest that CYP724B2 is involved in BR biosynthesis just as is the CYP90 family.
Heterologous expression in insect cells
To characterize the biochemical properties of CYP724B2 and CYP90B3, the recombinant proteins were expressed in insect cells using a baculovirus expression system. SDS-PAGE analysis showed that a new intense band of 55 kDa appeared in the CYP724B2 microsomal fractions of the insect cells upon infection with recombinant viruses of CYP724B2, and also that a 56 kDa-band appeared in the CYP90B3 microsomes (Fig. 3A) . The reduced-CO difference spectrum of the solubilized fractions of the CYP724B2 and CYP90B3 microsomes showed a clear absorption peak at 450 nm ( Fig. 3B and 3C ). On the other hand, the mock-infected cells did not give the 450-nm peak (date not shown). Thus the recombinant CYP724B2 and CYP90B3 proteins were expressed in insect cells as active forms.
Catalytic activity
To confirm whether CYP724B2 and CYP90B3 are Multiple sequence alignment was performed using the CLUSTAL W analysis tool. Identical and similar amino acid residues are shaded in black and gray respectively. involved in the hydroxylation/oxidation of BRs, we examined their biochemical characterization in vitro. CYP724B2 activity was analyzed using the microsomal fractions in a reconstituted assay with Arabidopsis NADPH-cytochrome P450 reductase 19) and NADPH. After incubation, the reaction mixture was extracted with ethyl acetate, and the extracted fraction was converted to trimethylsilyl derivatives and analyzed by GC-MS. CR and CN were metabolized to give the new products, which were identical to the authentic standard of 22-OHCR and 6-DeoxoCT in retention time and fragment ion pattern in GC-MS respectively (Table 1, Fig. 4 ). The later intermediate compounds such as 6-deoxoCT, 6-deoxoteasterone (6-deoxoTE), 3-dehydro-6-deoxoteasterone (6-deoxo3DT), 6-deoxotyphasterol (6-deoxoTY), 6-deoxoCS, and CS in the BR biosynthetic pathway were also applied to CYP724B2 assay, but no metabolite was detected (data not shown). As expected, CYP90B3 catalyzed the C-22 hydroxylation of CR and CN. To examine whether CYP724B2 and CYP90B3 are able to metabolize various sterols, C 27 and C 29 sterols were subjected to in vitro assay. The results are summarized in Table 1 . Cholesterol (CHR) and sitosterol (SIT) gave metabolite peaks with GC retention times and mass spectra identical to the authentic C-22 hydroxylated compound. By contrast, no metabolite was detected with 6-oxocampestanol (6-oxoCN). These results indicate that CYP724B2 and CYP90B3 catalyze the C-22 hydroxylation of various C 27 , C 28 , and C 29 sterols.
Early C-22 hydroxylation pathway CR is converted to CN through (24R)-ergost-4-en-3-one (4-en-3-one) and (24R)-5-ergostan-3-one (3-one) in three enzymatic steps, 22) and these four compounds are potential substrates for a C-22 hydroxylase in vivo.
14,23,24) Hence, we examined the substrate specificities of CYP724B2 and CYP90B3 toward these intermediate compounds (Fig. 5) . CR was the best substrate for CYP724B2, and 4-en-3-one was also metabolized to the C-22 hydroxylated product to some extent. On the other hand, CYP724B2 catalyzed C-22 hydroxylation of 3-one and CN at a trace level in our in vitro assays, indicating that these later intermediates are not good substrates for CYP724B2. The pattern of substrate preference of CYP90B3 is quite similar to that of CYP724B2 (Fig. 5) . These results suggest that both CYP724B2 and CYP90B3 function in the early steps of C-22 hydroxylation of BR biosynthesis.
Expression of CYP724B2 and CYP90B3 genes in tomato
The expression profiles of CYP724B2 and CYP90B3 genes in various tissues of tomato plants were determined by RT-PCR (Fig. 6A) . Expression of the CYP724B2 and CYP90B3 genes was detected ubiquitously in various organs, with different transcript accumulation levels. Flowers were relatively abundant in the transcripts of both CYP724B2 and CYP90B3 as compared with the other tissues. In immature fruit, only CYP90B3 expression was observed, and no transcript of CYP724B2 was detected. In young leaves and mature fruit, accumulation of CYP90B3 mRNA was more abundant than that of CYP724B2 mRNA.
Plant hormones such as GA and BR negatively regulate their own biosynthetic genes in the feed-back mechanism. It has been found previously that the transcriptions of CYP90s and CYP85A are down- regulated by BL, the end product of BR biosynthesis. 25) Hence, the gene expression of CYP724B2 and CYP90B3 in response to BL treatment was analyzed by semiquantitative RT-PCR (Fig. 6B) . The transcript levels of CYP724B2 and CYP90B3 greatly were reduced by the application of 100 nM BL. Their feedback regulation by BL suggests that not only CYP90B3 but also CYP724B2 is involved in BR biosynthesis in vivo.
Discussion
CYP724B2 encodes a C-22 hydroxylase Arabidopsis dwf4 mutants are dark green dwarfs similar to typical BR biosynthesis mutants such as the Arabidopsis cpd and det2 mutants, and therefore DWF4/CYP90B1 has been considered to be the only P450 responsible for C-22 hydroxylation of BRs in C. The activities were determined by triplicated assays, and the relative activity for each substrate was determined by comparison with the activity for CR (100%). Selected ion chromatograms for reaction products generated by CYP90B3 and CYP724B2 with CR (A and C, respectively), and mass spectra of the enzymatic products catalyzed by CYP90B3 and CYP724B2 (B and D, respectively) are shown.
Arabidopsis. Recently, we confirmed by biochemical approaches that CYP90B1 is a BR C-22 hydroxylase. 14) Hence it is somewhat surprising that CYP724B2 as well as CYP90B3 catalyzed C-22 hydroxylation of various sterols in our in vitro assay. These findings imply that, in tomato plants, two different P450s are capable of C-22 hydroxylation of sterols. The feedback regulation of CYP724B2 and CYP90B3 by exogenous BR treatment also suggests involvement of the two P450s in BR biosynthesis. Thus it is likely that CYP724B2 and CYP90B3 are functionally redundant in the C-22 hydroxylation steps of the BR biosynthetic pathway in tomato.
In rice plants, the dwarf11 (d11) mutant defective in CYP724B1 is semi-dwarf with reduced seed length. The rice genome contains one CYP90B homolog (OsDWARF4/CYP90B2), and recently a rice osdwarf4-1 mutant was characterized in detail.
18) The phenotype of osdwarf4-1 is semi-dwarf as compared to d2 9) and brd1, 8) suggesting the presence of a functional redundant gene(s) in BR biosynthesis. The double mutant of osdwarf4 and d11 causes severe dwarfism, and endogenous BR levels are greatly reduced in the double mutant. Biochemical characterization of rice D11/ CYP724B1 and OsDWARF4/CYP90B2 confirmed these P450s to be a C-22 hydroxylase. 18) These results indicate that D11/CYP724B1 and OsDWARF4/ CYP90B2 function redundantly in C-22 hydroxylation of BR biosynthesis in rice. This is consistent with our finding that CYP724B2 and CYP90B3 from tomato have C-22 hydroxylase activity. Because the C-22 hydroxylation step is an important branch point from phytosterol biosynthesis to BR biosynthesis, a C-22 hydroxylase is a key enzyme determining the rate of BR synthesis.
4) The presence of two P450 families (CYP90B and CYP724B) functioning in C-22 hydroxylation may be a benefit in a strict and complicated mechanism regulating C-22 hydroxylase activity in rice and tomato.
Early C-22 hydroxylation of BRs
In the established biosynthetic pathway of BRs, CR is initially converted to CN, which in turn is converted to BL via two parallel biosynthetic routes, the early C-6 and late C-6 oxidation pathways. 1) In addition, the early C-22 hydroxylation route, in which C-22 hydroxylation occurs before the conversion of CR to CN, is also operative in plants. 14, 23, 24) In this study, CYP90B3 and CYP724B2 were found to catalyze C-22 hydroxylation of CR and CN. In addition, 4-en-3-one and 3-one, intermediate compounds between CR and CN, were hydroxylated at the C-22 position by these P450s (Table 1, Fig. 5 ). These results provide biochemical evidence that the BR biosynthetic pathways form a metabolic grid in the C-22 hydroxylation steps as well as in the C-6 oxidation steps (Fig. 7) . Moreover, the substrate specificities of CYP90B3 and CYP724B2 toward the intermediates from CR to CN indicate that CR is the better substrate of the two P450s (Fig. 5) . This is in good agreement with our recent finding that the catalytic efficiency (k cat =K m ) of Arabidopsis CYP90B1 for CR is 325 times greater than that for CN. 14) In tomato, CR (2.8 mg per g of fresh weight) is more abundant than CN (0.1 mg per g of fresh weight). 26) Hence the C-22 hydroxylation reaction before C-5 reduction is likely to be the primary route of BR biosynthesis in tomato and in Arabidopsis. No conversion of 6-oxoCN to CT was detected in our in vitro assay (Table 1 ). In tomato, CT is not detected in shoots, 26) and hence the results strongly suggest that the conversion of 6-oxoCN to CT in the early C-6 oxidation pathway is a very minor route in tomato.
Up to now, more than 50 BRs have been identified from various plants, and C 27 BRs, such as 28-norcas- tasterone and 28-norbrassinolide, have been reported to occur in 11 plants, including tomato.
2) Since CHR has no C-24 alkyl group similar to C 27 BRs, the sum of cholesterol and related C 27 precursors account for about 60% of the total sterol amount in tomato seedlings. 26) It is suggested that C 27 BRs are derived from CHR via a biosynthetic pathway similar to C 28 BR biosynthesis. In support of this, 28-norcastasterone and putative C 27 BR intermediates such as 6-deoxo-28-norcathasterone, 6-deoxo-28-nortyphasterol, and 6-deoxo-28-norcastasterone were detected in tomato. 27) Kim et al. 28) recently found that 28-norcastasterone is a bioactive BR itself and an important precursor of more bioactive BRs such as CS and BL. But any enzymatic function involved in C 27 biosynthesis remains unclear. In this study, we found that recombinant CYP724B2 and CYP90B3 catalyze the C-22 hydroxylation of CHR to 22-OH-CHR (Table 1 ). In addition, the data show the conversion of SIT to 22-OH-SIT. Hence it is most likely that both CYP724B2 and CYP90B3 are involved in the production of C 27 and C 29 BRs in tomato.
Phylogenetic comparison of BR biosynthesis P450s
As shown in Fig. 1 , all the P450 genes involved in BR biosynthesis are clustered within a small clade of the CYP85 clan in the phylogenetic tree of non-A-type plant P450s.
15) The CYP90 family consists of four subfamilies, CYP90A, CYP90B, CYP90C, and CYP90D, which share amino acid sequence identities of about 40%. After the identification of whole genome sequences of Arabidopsis and rice, two new P450 families, designated CYP720 and CYP724 were assigned within the CYP90 clade because they show less than 40% amino acid sequence identity with CYP90s. However, detail comparison of CYP724B with members of the CYP90 family reveals that CYP724B shares over 40% amino acid sequence identity with CYP90B but less than 40% identities with the other CYP90 subfamilies. Phylogenetic tree analysis also shows that the CYP724 family closely clusters with CYP90B and locates within the clade of the CYP90 family (Fig. 1) . These findings imply that CYP724B should be classified in the same family as CYP90B. On the contrary, CYP90A and CYP90C/D might be classified as P450 families different from CYP90B and CYP724 because CYP90A and CYP90C/D show less than 40% identity with the CYP724 family. It is interesting that CYP724B and CYP90B, which are evolutionarily related to each other, have the same enzymatic function as a C-22 hydroxylase. The Arabidopsis genome contains CYP724A1, which shares 50% identity with CYP724Bs. In contrast to the rice dwarf4 mutant, 18) Arabidopsis dwarf4 is a severe dwarf, 4) indicating that DWARF4/CYP90B1 is merely a C-22 hydroxylase functioning in BR biosynthesis in Arabidopsis. Thus, the functional characterization of Arabidopsis CYP724A1 should be an interesting subject for future research.
